Abstract Organic pollutants could be degraded by using bubble discharge in water with gas aeration in the discharge reactor and more plasma can be generated in the discharge process. When pulsed high voltage was applied between electrodes with gas aerated into the reactor, it showed that bubbles were broken, which meant that breakdown took place. It could also be observed that the removal rate of phenol increased with increasing discharge voltage or pulse frequency, and with reducing initial phenol concentration or solution electric conductivity. It could remove more amount of phenol by oxygen aeration. With increasing oxygen flow rate, the removal rate increased. There was little difference with air or nitrogen aeration for phenol removal. The solution temperature after discharge increased to a great extent. However, this part of energy consumption did not contribute to the reaction, which led to a reduction in the energy utilization efficiency.
Introduction
Phenol and its derivatives are widely distributed contaminants in groundwater and surface water, being generated from a number of industrial factories, such as refinery, textiles, pulp and paper, resin and plastics, pharmaceutical, petrochemical and so on [1] . Phenols are considered as priority pollutants, since they are harmful to organisms at low concentrations, and many of them have been classified as hazardous pollutants because of their potential toxicity to humans and aquatic life, which creates an oxygen demand in receiving waters and imparts taste and odor to drinking water even at parts per billion levels. Chlorine is normally used as a disinfectant in water treatment plants, and undesirable chlorophenols will consequently form when phenols are present. Stringent US Environmental Protection Agency (EPA) regulations call for lowering the phenol content in wastewater to less than 1 mg/L [2] . Hence, its removal from industrial aqueous effluents is an important practical problem. Existing methods such as adsorption on activated carbon, extraction and chemical oxidation suffer from low efficiency, high cost and formation of hazardous by-products. Due to the antibiotic properties of phenol, conventional biological treatments are inefficient. Therefore, alternative techniques are highly desirable.
High voltage pulsed discharge in water has been used for water treatment for more than two decades [3∼7] . During the discharge process, some chemically active species such as ·OH, ·H, ·O, H 2 O 2 , O 3 , etc.
[8∼10] can be generated. Owing to the strong oxidation ability of these species, organic pollutants can be effectively removed from water. Low temperature plasmas can be produced by discharge in water or air through the use of a high voltage pulse power supply, accompanied by physical and chemical effects [11, 12] . With the synergistic reactions of these effects, organic pollutants in water can be degraded effectively. Gas-liquid two phase discharges in high voltage pulse discharge mode are very effective. Due to its ability to produce gas and liquid phase discharge simultaneously, the plasmas generated by discharge can contact the organic pollutants molecules in water over a larger area, which is possible to achieve in large scale production and applications [13∼15] . The preliminary study results show that the mode of gas-liquid two phase discharge, with the addition of solid catalyst particles into the discharge region and with the solution treated with formation of droplets sprinkled uniformly on the catalyst surface, is effective for the removal of organic pollutants. Due to interaction of the electric field and the catalyst, it is conducive to the degradation of pollutants [16] . While another discharge mode is also effective, it is operating with the discharge electrodes in a submerged state, with bubbles passing through the two electrodes [17] . Then discharge takes place in the bubbles. The more bubbles there are, the more plasma is generated. The contact area of the plasma with aqueous solution to be treated is larger and more pollutants can be treated, which will be very beneficial to practical applications.
Studies have shown that ozone can be generated by discharges between parallel plate electrodes with air or oxygen bubbles flowing through. And as the amount of the bubbles passing into the reactor increases, the amount of ozone generated increased. It was effective for the the decolorization of indigo [18] . However, there is no other research on this method for the removal of other organic matter in water. And the space between the discharge electrodes mentioned in the previous study was 7.5 mm. The small space leads to less water to be treated. In the present study, the effects of a variety of reaction conditions on the treated organic pollutant by bubble discharge in water were discussed with a consideration of the increase in the volume of water to be treated.
Materials and methods

Materials
The discharge circuit used in the present study was self-designed and a pulse power supply with a rotating spark-gap switch was used to generate high voltage pulses. When the rotating spark gap reached the point of conduction, the electrical energy stored in capacitance was discharged through the rotating spark gap switch into the electrodes gap. The pulse power supply parameters were as follows: 0∼50 kV peak voltage, pulse width ≤ 400 ns, pulse rise time ≤ 50 ns and the repetition rate of pulse ≤ 250 Hz. For such a pulse with very narrow width and a very fast rise time, any free electrons in the gas will be accelerated and become energetic enough to break chemical bonds. However, heavy ions, which do not contribute to the dissociation of water, are not accelerated significantly during the short pulse because the mobility of ions is much lower than that of electrons. Therefore, an important advantage of this discharge mode is higher energy efficiency [19] . A schematic diagram of the experimental setup is shown in Fig. 1 . The reactor was made of plexiglass and had a volume of 200 cm 3 . The planeplane electrodes were made of stainless steel, with some very small pointed protuberances on the surface and the separation distance between the electrodes was 20 mm. The solution to be treated flowed into the reactor from the bottom of the reactor and flowed out at the top of the reactor, and the cycle time was 90 min. Gas aerated 
Analysis methods
The solution pH was measured by using a PHS-3C pH meter. Temperature change was measured by using a standard mercury thermometer. A spectrophotometer (Shimadzu, UV-2500) was used for measuring the concentration change of phenol at wavelength 510 nm. The removal rate (R) was calculated using the following equation:
where A 0 is the absorbency of initial solution, A is the absorbency of the treated solution. The temporal development of the R factor was measured. Samples were analyzed immediately after they were taken out of the reactor.
Results and discussion
The bubbles passing into the discharge region influence the discharge electric field. Due to the smaller dielectric constant of the gas, electric breakdown is more likely to occur with a large number of bubbles aerating. In the present experiments, a variety of factors effecting the removal of phenol in water were investigated, and the reaction mechanism was discussed.
The effect of voltage
When the discharge voltage was applied between electrodes, a strong discharge could be seen with bubbles aerating into the reactor. The bubbles were crushed and apparent breakdown could be observed, as displayed in Fig. 3 .
The discharge channel can be seen obviously in Fig. 3 , and with the increase in discharge voltage, the discharge intensity is enhanced gradually. Once the pulse voltage is applied between the electrodes, electrons are accelerated and they can gain enough energy for dissociation and excitation of water molecules. The electron avalanche takes place from the bubbles already existing in solution or from the micro-bubbles generated by heating the liquid. When the discharge channel of the electron avalanche reaches the opposite electrode, breakdown occurs, which leads to an increase in the current, amplification of the discharge channel, and generation of more free radicals and stronger radiation in the channel. The time for breakdown generation is affected by the discharge space and the voltage amplitude [20] . The effect of voltage on phenol removal rate by discharge inside bubbles is displayed in Fig. 4 . As can be seen from Fig. 4 , with increasing voltage, the phenol removal rate increases. At the voltage of 25 kV, the bubble discharge is weak, resulting in a very small number of active species being generated, so the phenol removal rate is low. The bubbles present in the liquid will lead to a descent of the liquid breakdown voltage, and thus the breakdown is more prone to take place at a lower voltage [21, 22] . The electric field inside the bubbles increases as the medium dielectric constant increases.
On account of the effect of gas agitation on the solution, it is conducive to a mass transfer process. With more gas aeration, more intense mechanical stirring can be achieved. The amount of active molecules increases due to partial discharge in bubbles. On one hand, energetic electrons, ozone and ultraviolet light can come into contact with water molecules adequately, which facilitates the production of hydroxyl radicals as a result of discharge in bubbles. On the other hand, owing to gas agitation, the reaction can be more uniform [18] .
In the discharge process, it could be seen clearly that breakdown of aqueous solutions took place. There are a variety of media theories on the liquid breakdown mechanism and they can be divided into two broad categories, the breakdown theory of electricity and the breakdown theory of bubbles. The former focuses on the premise of the ionization of water molecules by electron-impact, and the latter is based on the generation of bubbles via the collision of electrons with water molecules or the generation of bubbles for other reasons under the electric field, and the liquid dielectric breakdown caused by discharges in bubbles [23] . There are a large number of bubbles in the solution, which results in lower breakdown voltage in an aqueous solution. Bubbles burst in the breakdown process, or are broken into numerous small bubbles. The discharge process in bubbles leads to the formation of active species, which can promote the degradation of phenol.
Effect of initial concentration
The influence of initial concentrations on the removal of phenol by bubble discharge in water was studied and the results are demonstrated in Fig. 5 . We can observe that with the increase in initial concentration of phenol, the phenol removal rate decreases by bubbles discharging the in water. 
Effect of different gases and flow rates
Three kinds of gases, such as air, oxygen and nitrogen, aerating into the discharge region were studied respectively. The result is shown in Fig. 6 for the removal of phenol. The greatest removal rate of phenol is achieved in the case of oxygen aeration, and the removal rate of phenol is almost similar in the cases of air and nitrogen aeration. With the same flow rate, the phenol removal rate varies to a great extent under the conditions of air and oxygen injection. In the presence of oxygen, the phenol removal rate increases a great deal. And with increasing oxygen flow rate, the removal rate of phenol increases. SUN et al. studied the degradation mechanism of organic matter with different gases injected into the discharge region, and the reactive chemical species of ·OH and ·O generation increased with the increase in the amount of oxygen aeration into the discharge electrodes, but there were no electrode polarity differences [24] . When other reaction conditions were the same, with increasing oxygen flow rate, the amount of oxygen entering into the reaction region increased, and the amount of ozone generated and the removal rate of phenol increased, which is attributed to the increase in the reaction opportunity of high-energy electrons generated in the electric field with oxygen molecules [25] . The chemical reaction of H· + O 2 →HO 2 · occurred when oxygen was injected [26] . In addition, the mechanical agitation effect of oxygen aeration between the discharge electrodes on the solution is good for mass transfer and improves the hydrodynamic state of the solution to be treated, which is conducive to reaction processes. With a greater amount of oxygen aeration, more strenuous mechanical stirring took place. The phenol removal rates are different for different gases. With oxygen aeration, the physical effects through the discharge course increased the density of free radicals according to the micro-bubble collapse theory [24] . As the gas density is much smaller than the liquid density, the mean free path of the electron increases and the electrons in bubbles are accelerated. And thus more high-energy electrons are generated, which facilitates excitation and dissociation reaction, and more free radicals are generated.
Under the same flow rate, the phenol removal efficiency is similar for air and nitrogen aeration, and as a whole, the phenol removal efficiency is slightly better when air passes through the discharge region. Under the same flow rate of air and nitrogen, nitrogen is the most abundant species, and high-energy electrons react with N 2 to produce N, or an excited state of N 2 , as well as a small amount of N + 2 , N + [27] . These excited states of matters can react with phenol molecules to further promote degradation. It is the dominant reaction of high-energy electrons with water molecules during this process, and the hydrogen peroxide and hydroxyl radicals produced have become the main oxidative species. The oxygen molecules taking part in the reaction with high-energy electrons are few because there is only a small amount of oxygen in the air, and ozone generation is small. But the amount of oxygen molecules is higher under the condition of oxygen injection, and the opportunity to react with high-energy electrons increases, resulting in more ozone generation [28] . Ozone can also react with hydrogen peroxide generated in the discharge process to form hydroxyl radicals [29] , which will accelerate the degradation of phenol. As a result, the phenol removal rate significantly increases with oxygen aeration.
LI et al. have studied the influence of gas component on the formation of hydrogen peroxide by pulsed discharge in water. The results revealed that, on one hand, ·OH concentration had a relationship with the intensity of discharge electric field, and on the other hand, it also had a relationship with the gas component [30] . More oxygen atoms exist with oxygen injection than with nitrogen injection, resulting in more ·OH generation. When nitrogen passes into the discharge region, a variety of vibration states of nitrogen molecules and oxygen atoms are generated, which contributes to the formation of N 2 O [28] . And N 2 O is very easy to react with e − aq to form ·OH through reaction (5) as follows:
Regardless of the aeration of nitrogen or oxygen, the reactions of gas molecules with other species are conducive to the formation of ·OH.
Effect of conductivity
The solution conductivity represents the number of ions present in the solution. When the solution conductivity is high, it indicates a larger number of ions existing in the solution. The conductivity of the liquid has a direct impact on discharge characteristics. The effect of solution conductivity for the removal of phenol by bubble discharge in water is demonstrated in Fig. 7 .
It can be seen from Fig. 7 that, as the conductivity increases, the removal rate of phenol is reduced. When the conductivity is low, the discharge is weak, and the discharge current and streamer channel length are small, and the concentration of free radicals is low. As the conductivity increases, the concentration of free radicals also increases. When it reaches a certain peak, the radical concentration starts to decline. The reason is that it is difficult to establish a stronger electric field for higher conductivity. It has a direct impact on the plasma channel expansion of the number of ions existing in the solution, as they have to compensate for the space charge in front of the ion channels quickly, which leads to reduction in the production amount of highly active chemical species [31] . It can be seen in Fig. 7 that the phenol removal rate has been reduced by about 23% when the conductivity increases from 2.3 µS/cm to 420 µS/cm, so the solution conductivity has a direct impact on the phenol removal efficiency. 
Effect of pulse frequency
The effect of pulse frequency on phenol removal by discharge inside bubbles is shown in Fig. 8 . The removal rate of phenol increases with the increase of pulse frequency. With the increase in pulse frequency, more energy was injected into the reaction region between the electrodes, and it made the energy intensity increase [32] . When other reaction conditions were the same, more bubble breakdown took place and more highly active chemical species were generated, eventually leading to an increase in the collision opportunity of highly active species with organic pollutants and increasing the organic matter removal rate. Within a certain range, as the discharge frequency increased, the high temperature and pressure generated in the plasma channel of high-voltage pulse discharge were enhanced, and strength of UV light was enhanced too [33] , which will be beneficial to the enhancement of treatment effect.
A comparison of solution characteristics, which are mainly temperature, conductivity and pH value, before and after discharge, was made, and the results are shown in Table 1 . It can be seen from Table 1 that, with increasing discharge voltage, the reaction solution temperature increases to a great extent. This is because as the discharge progresses, part of the total energy input is transferred into heat, which increases the solution temperature. In addition, the UV radiation generated during bubble discharge in water also makes the surrounding aqueous solution temperature go up. This part of energy consumption has no contribution to the reaction process, which also leads to a reduction in the energy utilization efficiency. As the reaction keeps on, the solution conductivity increases. This is because a number of ions are produced in the degradation reaction of phenol with the active species generated in discharge. The increase in conductivity is not conducive to the discharge proceeding, thereby it affects the degradation process of phenol. By determining the reaction solution pH before and after discharge, the reaction solution pH value was found to decline after the discharge. With the increase in voltage, pH reduction value increases. This is attributed to the formation of nitric acid. When air is injected into the discharge region, nitrogen will react with energetic electrons through a series of reactions, and ultimately it forms nitric acid. The generation of nitric acid decreases the pH value of the solution. Also, in the process of phenol oxidation, it may well generate a number of organic acids. The formation of these organic acids will make the solution pH value decrease.
Conclusion
Bubble discharge in water is a very effective method of high voltage discharge. When a high voltage pulse is applied between two electrodes in a reactor, a variety of active substances is produced. The effects of different conditions on the phenol removal rate were investigated and the results showed that the removal rate of phenol increased with increasing discharge voltage or pulse frequency, and with reducing the initial phenol concentration or solution electric conductivity.
The greatest removal rate of phenol was achieved under the conditions of oxygen aeration, and the removal rate of phenol was almost the same in the cases of air and nitrogen aeration. With increasing oxygen flow rate, the removal rate increased. With increasing discharge voltage, the reaction solution temperature increases to a great extent. This part of energy consumption had no contribution to the reaction process, which also led to a reduction in the energy utilization efficiency. As the reaction continued, the solution conductivity increased. The reaction solution pH value declined after the discharge. This was attributed to the formation of nitric acid or the generation of a number of organic acids during the phenol degradation process. 
